We have continued to examine additional candidate sion by allosteric means. The most conserved portion of known riboswitches is the aptamer domain, whereas mRNAs for the possible participation of riboswitches in genetic control. We were intrigued by the genetic the adjoining expression platform can vary widely in both sequence and secondary structure. The high seregulation of purine transport and purine biosynthesis pathways in bacteria, which are fundamental to the metquence conservation of the aptamer is due to the fact that the RNA must retain its ability to form a receptor abolic maintenance of nucleotides and nucleic acids (Switzer et al., 2002) . In B. subtilis, numerous genes are for a chemical that does not change through evolution. In contrast, the expression platform can form one of a involved in the biosynthesis of purines (pur operon with 12 genes; Ebbole and Zalkin, 1987) and in the salvage of great diversity of structures that permit genetic control in response to ligand binding by the aptamer domain. purine bases from degraded nucleic acids. A regulatory protein factor has been proposed to participate in the We exploited this evolutionary conservation to conduct a database search for xpt-pbuX 5Ј-UTR sequences that control of the xpt-pbuX operon that encodes a xanthine phosphoribosyltransferase and a xanthine-specific puare present in other B. subtilis genes and also in other bacterial species. We identified five transcriptional units rine permease, respectively (Christiansen et al., 1997). However, although the PurR protein is known to serve as within B. subtilis that closely correspond in sequence and predicted secondary structure with nucleotides 14 a repressor of transcription in the presence of elevated adenine concentrations (Weng et al., 1995) , no protein through 82 of the xpt-pbuX 5Ј-UTR (Figure 1) . A total of 32 representatives of this domain were identified amongst with corresponding function that responds to guanine has been identified in B. subtilis.
several gram-positive and gram-negative bacteria, although we speculate that additional representatives Herein, we report that the xpt-pbuX operon is controlled by a riboswitch that exhibits high affinity and could be found by conducting more sophisticated database searches. high selectivity for guanine. This class of riboswitches is present in the 5Ј-untranslated region (5Ј-UTR) of five From this representative set of RNAs, we identified a consensus sequence and secondary structure for the transcriptional units in B. subtilis, including that of the 12-gene pur operon. Thus, we conclude that direct bindconserved RNA motif termed the "G box" (Figure 2A ). The secondary structure of the G box is composed of a ing of guanine by mRNAs serves as a critical determinant of metabolic homeostasis for purine metabolism in certhree-stem (P1 through P3) junction, wherein significant sequence conservation occurs within P1 and in the untain bacteria. Furthermore, we have determined that the known classes of riboswitches, which respond to seven paired regions. Furthermore, we find that stems P2 and P3 both favor seven base pairs in length with one-or distinct target molecules, appear to control at least 68 genes in B. subtilis that are of fundamental importance two-base mismatches permitted. This unusual conservation of stem length implies that these structural eleto central metabolic pathways. These findings indicate that riboswitches play a substantial role in metabolic ments establish distance and orientation constraints of their stem-loop sequences relative to the three-stem regulation in living systems, and that direct interaction between small metabolites and RNA is a significant and junction. Some base-pairing potential exists between the two stem-loop sequences, which might permit the widespread form of genetic regulation in bacteria.
formation of a pseudoknot. These characteristics indicate that G-box domains most likely use conserved secResults and Discussion ondary-and tertiary-structure elements to adopt a precise three-dimensional fold. A Conserved Domain in the 5-UTR of Several B. subtilis mRNAs Recent demonstrations that genetic control can be meThe G Box RNA from the xpt-pbuX 5-UTR of B. subtilis Binds Guanine diated by direct contacts between metabolites and mRNAs prompted us to examine the regulatory mechaWe prepared two RNA constructs based on the xptpbuX 5Ј-UTR of B. subtilis to examine whether the mRNA nisms of purine metabolism for possible riboswitch involvement. The xpt-pbuX operon is regulated by guaselectively binds guanine or its closest analogs. A double-stranded DNA template corresponding to the entire nine, hypoxanthine, and xanthine. These purine compounds share chemical similarity and are adjacent to 5Ј-UTR and the first four codons of the xpt-pbuX mRNA was generated by PCR using primers that introduced a each other in the pathways of purine salvage. In contrast to the pur operon, regulation of the xpt-pbuX operon promoter sequence for T7 RNA polymerase and several nucleotide additions and mutations that permit further remains unaffected by adenine in a strain in which adenine deaminase is inactive (Christiansen et al., 1997). manipulation ( Figure 2B ; see Experimental Procedures). A truncated form of this construct also was created by These observations had fostered speculation that an unidentified protein factor might be involved in guanine PCR that encompasses the 5Ј half of the UTR. mum levels of modulation when a concentration of ‫5ف‬ nM guanine is used for in-line probing ( Figure 3B ). Although this implies that the K d for 201 xpt under these conditions is ‫5ف‬ nM, it is important to note that the actual value might be somewhat lower because of the limitations of the in-line probing assay (see Experimental Procedures). In addition, the K d was determined under nonphysiological conditions (e.g., high Mg 2ϩ ion concentration and elevated pH), and so the binding affinity might be somewhat different in vivo. However, using this number for comparison, the affinity of the 201 xpt RNA for guanine is more than 10,000-fold greater than that of the Tetrahymena group I ribozyme for its guanosine monophosphate substrate (McConnell et al., 1993) . This difference most likely reflects the relative differences in concentrations of the two compounds that the RNAs experience inside their respective cellular environments.
The Guanine Aptamer Discriminates against Many Purine Analogs
To maintain precise metabolic homeostasis, the cell not only must be able to sense the concentration of its target metabolite, but also must prevent regulatory crosstalk with other compounds that otherwise might inadvertently trigger genetic modulation. Indeed, a hallmark of other riboswitches is the ability to discriminate between closely related metabolites. For example, the FMN and TPP riboswitches discriminate against the unphosphorylated coenzyme precursors thiamine and riboflavin by ‫-0001ف‬fold (Winkler et al., 2002a, 2002b) .
This requirement for obligate molecular discrimination whether they might first be converted into guanine bemM; data not shown) does not alter the pattern of RNA fore influencing genetic control. cleavage products. These results indicate that the G Interestingly, we find that alteration of every functionbox domain in the 5Ј-UTR of the B. subtilis xpt-pbuX alized position on the guanine heterocycle causes a mRNA serves as an aptamer for guanine and related substantial loss of binding affinity ( Figures 4B and 5) . purines, and that this aptamer undergoes significant For example, the oxygen atom at position 6 of guanine structural modulation upon ligand binding. In the conis a significant determinant of molecular recognition, as text of a riboswitch, this allosteric function could be demonstrated by the losses in apparent K d for 2-aminoharnessed by the mRNA to modulate structural elements purine (Ͼ10,000-fold), 2-amino-6-bromopurine (1000-that regulate gene expression.
fold), and O
6
-methylguanine (Ͼ100-fold). Most moIn a preliminary assessment of the affinity that the lecular interactions could be explained by invoking guanine aptamer has for its target, we conducted inhydrogen-bonding contacts between the RNA and gualine probing with 201 xpt in the presence of various nine with the exception of the molecular interaction at concentrations of guanine. As expected, increasing con-C8. Here, presumably the RNA structure creates a steric centrations provided progressively decreasing amounts clash with analogs that carry additional bulk, such as of spontaneous cleavage at the four major sites of struc-8-methylxanthine (Ͼ10,000-fold) and uric acid (Ͼ10,000-fold). tural modulation ( Figure 3A) . We observed half-maxi- A summary of the likely molecular recognition features rine analogs. A substantial shift in tritiated guanine is expected to occur in a two-chamber dialysis apparatus that the guanine aptamer requires for maximum affinity when an excess of functional RNA is added to one chamis depicted in Figure 4C . However, we have not examber ( Figure 5A ). Furthermore, this shifted equilibrium ined the likely possibility that significant binding affinity should return to unity upon addition of an excess of could be derived through base stacking. The presence unlabeled competitor ligand. As expected, we observe of so many productive contacts between the RNA and that greater than 90% of tritiated guanine colocalizes all faces of guanine suggest that the ligand is most likely with 93 xpt RNA, and subsequently redistributes when entirely engulfed by the aptamer's structure. This would an excess of unlabeled guanine is introduced. In conalso explain why the RNA is capable of generating rectrast, the presence of excess unlabeled analogs has ognition via steric occlusion of bulkier compounds such no effect on colocalization of 3 H-guanine and the RNA as uric acid. In certain biological environments, for ex-( Figure 5B ). Even the nucleoside guanosine (9-ribosylample, uric acid can build up to high concentrations that guanine) fails to restore equal distribution of guanine permit crystallization. In such environments, a bacterium between the two chambers, which is consistent with our would require a high level of discrimination to prevent hypothesis that the RNA folds to form a tight pocket for undesirable repression of guanine-regulated genes. In the base alone. light of such molecular recognition challenges, it is not Both in-line probing and equilibrium dialysis data indisurprising that an RNA genetic switch would evolve excate that this natural aptamer binds guanine with hightensive molecular contacts with its target compound. affinity and specificity. In a previous study, in vitro evolution was used to isolate a purine binding aptamer from
Confirmation of Guanine Aptamer Function a pool of random-sequence RNAs (Kiga et al., 1998). by Equilibrium Dialysis
This engineered aptamer exhibits a K d of 1.3 M for We employed equilibrium dialysis to provide further eviguanine and shows only a 2-to 3-fold discrimination dence that the G box RNA from the xpt-pbuX operon against hypoxanthine and xanthine. The lower specificity and affinity of this aptamer for selected purines is binds guanine preferentially over other purines and pu-equilibrium dialysis. Mutations that independently disrupt the three stems (M1, M4, and M6) cause a loss of binding function, as does a variant RNA (M3) that carries two mutations in the central junction ( Figure 6B ). In contrast, the effects of the disruptive stem mutations are largely reversed by making compensatory mutations (M2, M5, and M7) that restore base pairing. These results are consistent with the phylogenetic analysis (Figure 1) , which indicates that stem structure is important but that the precise sequence composition of these elements is of less importance.
Binding function of variant aptamers in vitro also correlates with genetic control in vivo. We have confirmed earlier findings that a reporter gene carrying the 5Ј-UTR of the xpt-pbuX mRNA is repressed by guanine, and to a lesser extent by hypoxanthine and xanthine (Christiansen et al., 1997). Specifically, transcriptional fusions were created between a ␤-galactosidase reporter gene and variant xpt-pbuX 5Ј-UTR sequences carrying the mutations described in Figure 6A . B. subtilis chromosomal transformants using the wild-type sequence exhibit the expected levels of genetic modulation ( Figure  6C ). Although the xpt aptamer exhibits dissociation constants for xanthine and hypoxanthine that are essentially identical in vitro, the differences in genetic modulation by these compounds in vivo might be due to differences gene expression because these mutations should bias structure folding toward terminator stem formation. The results of these mutational and functional analydue to the fact that only the N1, N7, and O6 positions ses confirm the major features of the secondary strucare important for molecular recognition. In contrast, the ture model (P1 through P3) and demonstrate that they G box RNA appears to make productive contacts with are critical for metabolite binding. Furthermore, the corall available functional groups on guanine, presumably relation between ligand binding and genetic control indithrough hydrogen bonding ( Figure 4C) .
cates that the G box and adjacent nucleotides of the xpt-pbuX leader sequence operate in concert to function Aptamer Mutations Affect Guanine Binding as a guanine-dependent riboswitch, most likely by opand Genetic Control erating via allosteric control of transcription termination. A variety of mutations were introduced into the G box domain to examine the importance of several structural Riboswitches Control Fundamental elements and conserved nucleotides ( Figure 6A ). The Biochemical Pathways influence of these mutations on guanine binding was Our findings indicate that the G box RNA of the xptpbuX operon is a key structural element of a guaninedetermined in the context of the 93 xpt RNA by using sensing riboswitch that exhibits extraordinary affinity other riboswitch classes, at least 68 genes (nearly 2% of its total genetic complement) are under riboswitch and selectivity for its target. In B. subtilis, this general riboswitch motif appears to control at least five trancontrol (Figure 7) . Riboswitches for ligands such as guanine and SAM scriptional units (Figure 1) . Although the precise function of several of the gene products in this regulon have not apparently are serving as master control molecules whose concentrations are being monitored to ensure been clearly defined, the known genes from B. subtilis and from other organisms are mostly related to purine homeostasis of a much wider set of metabolic pathways. Riboswitches also seem to permit metabolite surveilmetabolism. In the current study, we have confirmed that a guanine riboswitch controls the xpt-pbuX operon, lance and genetic control with the same level of precision and efficiency as that exhibited by protein factors. which encodes for purine salvage proteins involved in the import and phosphoribosylation of xanthine. InterTherefore, these RNA switches could have emerged late in the evolution of modern biochemical architectures estingly, a guanine riboswitch probably provides a regulatory contribution to the 12-gene purEKBCSQLFMNHD because they are functionally comparable to genetic switches made of protein. However, given their fundaoperon for de novo purine biosynthesis. Transcription initiation of this large biosynthetic operon is controlled mental role in metabolic maintenance and the widespread phylogenetic distribution of certain riboswitches, we by the PurR repressor protein, which causes reduced transcription initiation when adenine or adenosine is speculate that aptamer domains similar to these might have been the primary mechanism by which RNA-world added to cell cultures (Switzer et al., 2002 (Figure 7) . Although all riboswitches could be more recent evolutionary inventions, even the origin of the lysine riboswitch might date from before the last common ancestor and back to a time when living systems were transitioning from a pure RNA world to a more modern metabolic state that made use of encoded protein synthesis.
Experimental Procedures

Chemicals and Oligonucleotides
Guanine and its analogs xanthine, hypoxanthine, adenine, guanosine, 7-methylguanine, N 2 -methylguanine, 1-methylxanthine, 3-methylxanthine, 8-methylxanthine, 2-aminopurine, 2,6-diaminopurine, allopurinol, 2-amino-6-mercaptopurine, lumazine, and guanine-8-3 H hydrochloride were purchased from Sigma. Inosine, uric acid, 2-amino-6-bromopurine, O 6 -methylguanine, and pterin were purchased from Aldrich. DNA oligonucleotides were synthesized by the Keck Foundation Biotechnology Resource Center at Yale University, purified by denaturing PAGE, and eluted from the gel by crush-soaking in 10 mM Tris-HCl (pH 7.5 at 23ЊC), 200 mM NaCl, and 1 mM EDTA. Oligonucleotides were recovered from solution by precipitation with ethanol.
Phylogenetic Analyses
G box domains were identified by sequence similarity to the xptpbuX 5Ј-UTR by conducting a BLASTN search of GenBank using default parameters. These hits were expanded by searching for degenerate matches to the pattern ( 
